A series of 347 vertical zooplankton hauls was made at a 175-h anchor station in the upper St. Lawrence estuary, Quebec, and current meter profiles were recorded. The 95% confidence interval of a single observation in most of the copepod time series was about 25400% of the mean. Temporal variability consisted for the most part of semidiurnal fluctuations superimposed on a long term trend. Other periodic components were also evident. Most components were related to the advection, at discrete frequencies, of longitudinal zooplankton gradients of different magnitude and sign. The relationship was generalized by a mathematical model which shows that a distinct component of sample variability can be found at all frequencies of the current tidal constituents, provided that a longitudinal gradient is present. The relative magnitude of the variability components, for a constant gradient slope in both time and space, is identical to that of the amplitude/frequency product of the current tidal constituents. Other components not explained by the model can be related to periodic vertical displacements of the pycnocline caused by the interaction of an internal tide with a sill in the sampling area.
Zooplankton
sampling variability has samples representative? Platt et al. (1970) been of major concern to plankton ecolshowed that plankton distribution could ogists since the exploratory work of Henbe represented by a series of discrete sen (1887). It is now recognized that the scale sizes of patchiness. Ibanez (1976) most important source of variability in showed that plankton distribution was in estimating plankton abundance in a para constant state of flux and that, in coastal cel of water is the patchy distribution of waters, distributional patterns of relativethe organisms (Cassie 1963) . Recent work ly large scales could change markedly tlas been related to the other basic probwithin a few hours under the influence lem: how far in time and space are local of advective processes. An important part of the noise in distributional surveys arises from the nonsimultaneity of the collections. The instability of the spatial structures in relation to the sampling pattern can result in a periodic pattern and thus be represented by simple mathematical equations. Such are the effects of vertical migrations of organisms (King and Hida 1954) and of internal tides (Fuks and Meshcheryakova 1959) on surveys of horizontal distribution. Sameoto (1975 Sameoto ( , 1978 found evi-dence of periodicity in zooplankton time series in tidal waters from 26-h collections at fixed stations; the fluctuations of numbers were related to the tidal cycle. However, he did not attempt to relate this variability to the displacements of the zooplankton field during the experiments.
We here examine the effects of the tide-related advection processes on zooplankton sample variability in a series of vertical hauls collected at a high sampling rate at an estuarine anchor station during part of a neap-to-spring tide cycle. By a mathematical model, we establish relations between the importance of short term temporal variability and the characteristics and displacements of the zooplankton field in the sampling area.
This study is part of a large-scale program on estuarine short term variability in the St. Lawrence estuary (Ecovariate). We thank C. Trump and Y. Roy for help with computer programs. We are grateful for suggestions and criticisms from P. H. Leblond and C. Trump.
Material and methods
Sampling procedure-Zooplankton was collected at' an anchor station (70"04'W, 47'39'N) in the upper St. Lawrence estuary ( Fig. 1 ) from 5-12 July 1975 once every 30 min to give a series of 347 successive zooplankton samples. To reduce the variability caused by the vertical migration of the organisms, we made vertical tows from 1 m above the bottom to the surface using a No, 10 mesh (158 pm) standard 0.5-m net with a flowmeter fitted in its mouth. The mean depth of the station was 50 m. The net was towed at a speed of I m-s-l.
The sampling error caused by the microdistribution of the organisms was estimated by Gagnon (1979) . The error in considering a single haul to be representative of the 30 min during which it was taken did not account for ~25% of the total variability observed during a halftidal cycle for any species of zooplankton. In the laboratory, large organisms (chaetognaths, mysids, euphausiids, and fish larvae) were removed from the samples.
The volume of half the remaining sample was determined by mercury immersion (Yentsch and Hebard 1957) for an estimate of copepod biomass. The other half was split a lmmber of times and one of the portions used for species identification and coirnts. The error in counting abundant species (> 10% of total counts) did not accolurt for > 15% of the total variability (Gagron 1979) . Copepod species diversity was computed for each sample by a formula derived from the Shannon and Weaver index (Pielou 1966) .
Vertical profiles of temperature, salin--. ity, current speed, and direction were taken hourly, with an Aanderaa RCM-current meter. However, we could collect data with th: s instrument only for the first 72 h of the zooplankton sampling program.
Time series analysis-Biomass estimates and counts were converted to No.. m-3 wii:h the fl owmeter data and to loglo (y + 1). Autocorrelation analysis (Platt et al. 1970 ) with 30-min lags was used to detl:ct periodicity.
The time series were tlren analyzed through power spectral antlysis with the fast Fourier transform a'gorithm (Cooley and Tukey 1965) . The series were not long enough to provide concurrently sufficient frequency resc,lution and reliable spectral estimates. S ince a fine frequency resolution proved essential for the purpose of the experiment, the spectra were computed from the complete series. To compare the pl ases of the principal components of zooplankton variability with those of possible driving mechanisms, we isolatec. zooplankton fluctuations tivarious frequencies by using filters cqnsisting of tapered symmetric cosines (B,endat and Piersol 1971) , constructed so as to conserve variability at the frequency or frequency band desired and to eliminate variability related to the other highamplitude components. The length of the weighing window was 91 samples.
Physical variability
in the sampling area The upper St. Lawrence estuary is a region of irregularly changing bottom where horizontal temperature and salin- ity gradients are steep (ca. 0.1". km-l and >0.2%0*km-I) and tides are of large amplitude (4-5 m) (Bousfield et al. 1975 ). The main topographic feature of the sampling area is the English Bank (Fig. 1) , which divides the estuary into a north and a south channel, The bank extension forms, on the north side, a sill between two basins, one extending 70 km downstream to the mouth of the Saguenay fjord and the other 20 km upstream to Ile-auxCoudres.
This section of the estuary is partially mixed, with a two-layer net circulation:
an upstream intrusion of salt water along the bottom, mainly in the north channel, and an outflow of mixed water in the surface layer. Previous surveys (Bousfield et al. 1975; Lavoie and Beaulieu 1971) showed that the northern end of the English Bank had higher mean salinities. This feature can be related to the interaction between an internal tide (Muir 1979) and the sill in a fashion similar to that found by Ingram (1975) in the lower estuary.
Temperature and salinity fluctuations at the anchor station during the first part of the experiment had a strongly negative correlation. Salinity ( Fig. 2 ) showed semidiurnal and 6-h-period fluctuations throughout the water column. Salinity maxima coincided with high and low water slacks. Blackford (1978) showed that such fluctuations could be related to the vertical displacements of the pycnocline caused by interaction between tide and sill. Figure 3 shows the water displacements past the station during the first 72 h of the sampling program. These were integrated from the current meter records, assuming a uniform longitudinal flow field. In the records, current reversals lagged high tide or low tide by about 1.5 h. The semidiurnal component, which was the most important component in all records, seems from Fig. 3 to yield a back-and-forth movement of water along a segment about 8 km long and parallel to the north shore (59" east of true north). The 24-h component of current velocity produces a longer traveling distance every other tidal cycle.
Considerable net displacement can be seen in Fig. 3 . Vertical profiles of net displacement along the longitudinal axis of the north channel were made by integrating the fluctuations of the velocity longitudinal component over a number of tidal cycles (Fig. 4) ; net circulation varies considerably during summer months, the classical two-1 ayer flow pattern having occurred oddly during the June survey. Given the width and the irregular bottom topography of the area, this is not surprising. During the first part of the zooplankton sampling program, the ebbtide was stronger than the floodtide over most of the water column.
Zooplankton sample vuriability Zooplankton samples were collected during the transition from neap to spring tides; the smallest and greatest tidal ranges were predicted for 3 and 11 July. The fluctnltions of the log-transformed biomass and numbers and of the specific diversity oi'copepods are given in Fig. 5 . All series showed a significant autocorrelation at ;L lag of 12.0 or 12.5 h. By spectral analysis, the series were reduced to sinusoids elf various frequencies and amplitudes. The spectra of Fig. 6 frequency.
All spectra have variance peaks in the low frequency band at periods of about 25, 12.8,8.5, and 6.3 h, and 2 weeks or more. Because of the brevity of the series, we cannot tell whether the long term trend (variance of the lowest frequency) is part of a fortnightly cycle. The relative importance of the variability components in spectra shows considerable series-to-series variation. Higher frequency fluctuations are, in all cases, of relatively low amplitude.
The series formed from successive filtering of biomass and total number of copepods are shown in Fig. 7 . For all major zooplankton examined except Eurytemora herdmuni, the diurnal and semidiurnal components of sample variability are either in phase or 180" out of phase with those of tidal advection. The 8-h period component (not represented) showed large amplitude modulations. The 6-h period component was, according to the type of organism, in phase or 180" out of phase with fluctuations in current speed, in the volume of water filtered per haul, and in the mean salinity of the water at the anchor station (i.e. the maxima or the minima always coincided with both current reversals). Since all species did not show simultaneous increases or decreases at that frequency, these fluctuations cannot be related to variation in the rate of filtration of the sampling gear. of the net during the experiments indicate that they may be related to the periodic overrepresentation (in the sample) of surface dwellers during periods of strong surface currents. The relatively important high-frequency fluctuations filtered from the series consist of the total variability present at periods of ~4 h. The 95% confidence limits of a single observation in the time series was approximated with the equation of Motoda and Anraku (1955) (Table 1 ). The width of the intervals is proportional to the surface beneath the spectra curves of Fig. 6 . As a general rule, the difference between vertical hauls taken at two stations in the English Bank area cannot be interpreted as a real difference between stations unless one of the estimates is at least 4 times greater than the other (25-400% confidence interval).
An interpretative model Most of the variability found in the time series can be attributed to spatiotemporal interactions. Displacements consisted mostly of diurnal, semidiurnal, and probably fortnightly cycles of longitudinal advection superimposed on a net circulation pattern and also of periodic vertical displacements of the pycnocline associated with internal tides. The zooplankton sample variability could be represented by superposing components that correspond in frequency and phase to the advection components. The breakdown of sample variability into advection-related components was possible because the advected structures were steep gradients which overshadowed smaller scale structures. This can be demonstrated mathematically (symbols listed in Table 2).
The semidiurnal advection of a gradient-For example, let us assume that a longitudinal gradient of zooplankton is established in the anchor station area. Under the effect of semidiurnal tidal currents, a segment L of this gradient is periodically sampIed at the station. The distribution of zooplankton aIong this segment can be described by y,r =A + mx.
(
The equation describing displacement of any point on this gradient is given by integrating the semidiurnal component of longitudinal current velocity: corresponds to that of the advective prois the amplitude of cess (e.g. semidiurnal).
Its amplitude is semidiurnal sample variability and & (= proportional to both the amplitude of ad-Q1 when m is positive; =a1 + GT when m vection (e.g. half-tidal excursion) and the is negative) is the initial phase of the steepness of the gradient. It is in phase semidiurnal component of variability. or 180" out of phase with water displaceThe resulting sample variability conments (e.g. maxima coincide with one of the current reversals), the phase shift depending on the sign of the gradient. The spatio-temporal interaction expressed in Eq. 3 can be represented graphically (Fig. 8) . For this, the gradient is assumed static while the station is displaced along segment L in a fashion cxactly opposite to that given by Eq. where c is the tidal constituent: Mq, S,, Mz, N,, 0,, ICI, FNS, etc.
In those advective conditions and when the zooplankton structure consists of a longitudinal gradient, temporal fluctuations at the anchor station are given by yt = A, f mU, + 2 A,cos(~r),t + &)
c where A, (= Irn 1 UC/~,) is the amplitude and 6, ( =CDC when m is positive; = CD, + 7~ when m is negative) is the initial phase of the cth component of sample variability. The first term represents the mean of yt and the second term, the variability caused by the net advection of water. These two quantities will be discussed later. The Ihird term represents the short term sample variability.
It consists of a superposit on of tidal constituents. For each component, the amplitude is directly proportional to the slope of the longitudinal gradient (which is the same for all constitllents) and to the amplitude of advection (which is an inverse function of the frequency of the tidal constituent). Thus, sample variability caused by the longitudinal advection of a gradient can be described by a variance spectrum similar, in many aspects, to that of current longitudinal velocity. However, the magnitude of the components in the variability spectrum is relatively much higher for lower frequencies, since the spectral density of sample variability is proportional to (mU,l~+)~ while that of current velocity is proportional to UC2.
Sampling accuracy in an estuary
The model allows us to measure sampling accuracy in terms of a signal-tonoise ratio and to relate it to sampling strategy variables. If we assume that the signal is a longitudinal gradient, from Eq. 7:
A, = ImlU,lw,. 
Useful generalizations can be derived from this last equation. For a given sampling strategy, i.e. fixed X and At, the accuracy of point sampling is an inverse function of the amplitude of the tidal velocity constituents.
Relative accuracy will be higher in large-scale surveys (large X). For an increasing sampling period (At), the contribution of the low-frequency interactions to the total noise will increase.
Since these interactions can cause noise of very high amplitude, surveys in limited areas should be completed rapidly.
Accuracy will be optimum when samples are taken simultaneously or at the same phase of the advection cycles, i.e. when At is 0 or a multiple of the period of the advection components. Thus, semidiurnal variability can be eliminated from the data by taking the two samples about 12 h apart.
Discussion
Examination of the time series indicated that the fluctuations of log-transformed copepod biomass and total numbers of the log-transformed numbers of the four major copepod forms and of the raw species diversity values could be well represented by the superposition of a limited number of sinusoids. Examination of the phase of the principal components of variability in relation to possible driving mechanisms indicates that most of the variability is caused by the periodic horizontal advection of zooplankton gradients.
The interpretative model, which assumes a uniform longitudinal flow field, shows how the spectral density of sample variability is proportional to that of longitudinal current velocity. According to the model, variability components should appear at all frequencies of the tidal constituents.
The frequency resolution in the spectra was not fine enough to discriminate tidal constituents of neighboring frequencies. Nevertheless, the amplitude modulations found in series resulting from successive filtering (Fig. 7) substantiate the hypothesis that other tidal constituents are present.
Since, in most cases, the model applies to the log-transformed series, it seems that the longitudinal gradients consisted of geometric increases or decreases of numbers. It is highly improbable that geometric gradients extend very far (Cassie 1960) . The geometric characteristic of the gradients could be an artifact resulting from a nonuniform flow field in the sill area. However, Fig. 5 suggests that the gradients are closely associated with the immediate sampling area, unaffected by large-scale advection processes. There is also evidence that the sill consists of a barrier between a haphazard collection of marine drifters on the downstream side (Calunus jinmurchicus, Euchuetu norvegicu, Metridia longu, Calanus hyperhoreus, and others), and the spawning stocks of two estuarine copepod populations on the upstream side (Acurtiu longiremis, E. herdmuni).
The trend in the series can be related to the mean circulation at the depth where the organisms were concentrated.
The nontidal increase of numbers of A. longiremis after about 80 h of sampling probably resulted from the downstream advection of the gradient, while that of C. finmarchicus was advected upstream in another water layer.
From the tidal constituent analysis of current data collected at stations in the vicinity of the anchor station (Budge11 and Muir 1975) and from examination of Fig. 5 , it seems that the amplitude of the 6-h period and 8-h period components is, in many series, greater than predicted by the model. There are reasons to believe that these fluctuations are related to vertical displacements of the pycnocline. This phenomenon would periodically increase the concentration of deep basin dwellers from both sides of the sill in the waters overlying it. For E. herdmuni, the very strong 6-h period fluctuations, the fact that the semidiurnal fluctuations are not in phase with horizontal advection, and the overall high positive correlation between the numbers of the copepod and the mean salinity of the water column suggest that the temporal variability of this species s generated, to a greater extent, by the vertical displacements of the pycnocline.
Cross-stream advection was negligible in explaining variability because the amplitude of this advection was small, and probably al: o because the lateral zooplankton gradients were relatively smooth. In conditions of lateral interactions of largl? amplitude, the breakdown of sample variability into recognizable components would be difficult, if not impossible. In addition, we found no evidence that the copepods avoided the sampling ne :; such behavior would result in a diurnal cycle related to light variations (Clutte r and Anraku 1968). Finally, since the water column was integrated by the sampling net, diel migrations could not produce 24-h period fluctuations. If there were s ny migrations, they probably modulated :he amplitude of variability caused by l.orizontal displacements and upwelling of water from the bottom of the b asins, producing resultants different from the diurnal component.
The confi lence intervals of single observations ill the series were wider than those found by Sameoto (1975) in a coastal embayment.
Equation 10 shows that this can be explained by greater tidal amplitude in the St. Lawrence estuary and by the fact that, in our case, the confidence intervals integrated variability over larger scale sizes than in the work of Sameoto (1975 Sameoto ( , 1978 .
Generalizations derived from Eq. 10 showed how tidal advection could affect sampling ac;curacy in distributional surveys. Howc:ver, because of logistic and economic restrictions, it is very difficult to increase sampling accuracy significantly. From our results, it seems that the strategy of visiting stations on a grid according to 3 back-and-forth course along parallel lanes, repeated, after a certain period, in the opposite direction, in conjunction v7ith a principal component analysis of the data (Ibanez 1976), is a good com!)romise between efficiency and accuras:y.
